To elucidate the neural circuitry involved in the photoperiodic control of seasonal reproduction, adult male Syrian hamsters, previously housed under long photoperiods (LD; 14 h of light per day), received sham or bilateral radiofrequency-current lesions directed towards one of three anterior-to-posterior levels of the bed nucleus of the stria terminalis (BNST; far anterior, anterior, posterior). They were then transferred to a short photoperiod (SD; 6 h of light per day) for 12 wk, and their testicular weights and plasma FSH, LH, and testosterone concentrations were determined. All of these parameters became markedly inhibited in the sham-lesioned SD controls and also in the far anterior and posterior BNST lesioned groups. In contrast, this inhibitory response to SD was completely abolished in 8 of 14 animals that had received anterior BNST lesions; only in these 8 animals did the lesion encompass the lateral aspect of the anterior BNST. In a second experiment, hamsters that had previously been exposed to SD for 12 wk in order to induce testicular regression were lesioned in the anterior BNST and for the next 4 weeks were either exposed to LD or further maintained in SD. However, in neither case did the anterior BNST lesions perturb the normal photoperiodic response. Paired testes weights and plasma FSH, LH, and testosterone concentrations at 4 wk did not differ significantly (p > 0.05) between the lesioned animals and their respective sham-lesioned LD and SD controls, which, respectively, showed recrudescence of the reproductive axis or remained in a regressed condition. Taken together, the results suggest that lateral aspects of the anterior BNST contain a cell group that is critical for perception of the SD neuro-inhibitory signal; obliteration of this cell group interrupts the transmission of the inhibitory signal to the reproductive axis but does not directly stimulate it.
INTRODUCTION
The Syrian hamster (Mesocricetus auratus), a popular model for the study of mammalian photoperiodism, displays a pronounced involution of the reproductive axis in short photoperiods [1, 2] . It is well known that this process requires the generation of melatonin by the pineal gland, that the duration of the melatonin secretory pulse serves to distinguish long days (LD) from short days (SD) [3] , and that melatonin receptors in the medial hypothalamus play a key role in transduction of the SD signal [4, 5] . However, the precise steps that are interposed between the processing or "readout" of the melatonin signal by these hypothalamic target cells and the modulation of the reproductive axis remain unknown. It has often been supposed that the link Accepted May 23, 1997 . Received March 24, 1997 . 'This work was supported by grants from the National Institutes of Health (HD-29186, HD-24312, and RR-00163) and the National Science Foundation (93-09368).
2Correspondence: Henryk F. Urbanski, Division of Neuroscience, Oregon Regional Primate Research Center, 505 NW 1 85th Avenue, Beaverton, OR 97006. FAX: (503) 690-5384; e-mail: urbanski@ohsu.edu between melatonin readout and the GnRH-secreting cells may be direct and intrahypothalamic, e.g., that melatoninsensitive neurons in the anterior hypothalamic area directly signal GnRH-secreting neurons either at the level of their cell bodies in the medial preoptic area (MPOA) or at the level of their nerve terminals in the median eminence [6] . Yet we recently found evidence suggesting that an extrahypothalamic region, the bed nucleus of the stria terminalis (BNST), may play a role in communicating the melatonin signal to the GnRH system, for lesions in the hamster BNST impaired the expected regressive response to SD [7] . We suggested that the BNST may enclose a "comparator" which, as Herbert has suggested [8] , may be interposed between, and be anatomically distinct from, the tissues responsible for "primary readout" of melatonin and those responsible for GnRH secretion.
However, it was not clear from our previous results [7] whether the BNST lesion truly interfered with photoperiodism proper or whether it simply disinhibited gonadotropin secretion in a nonspecific fashion. This question has complicated previous studies of hamster photoperiodism. For example, while it is known that ablation of the hamster olfactory bulbs impairs the expected reproductive response to SD [9, 10] , it is not clear that this lesion truly interferes with photoperiodism since bulbectomy disinhibits gonadotropins to some extent regardless of photoperiod, i.e., in hamsters under both SD and LD [11] ; the resulting high gonadotropin levels could thus be offsetting or masking a partially preserved SD-driven decrease in gonadotropins, thereby yielding a false impression of nonresponse to SD [10] [11] [12] . A similar argument may thus be invoked to explain the apparent nonresponse to SD of the BNST-lesioned hamster.
In the present study, we attempted therefore to clarify whether the previously noted impairment of SD gonadal regression in the Syrian hamster bearing a BNST lesion [7] derives from a true interference with circuits mediating readout of the SD melatonin signal or rather from nonspecific disinhibition or stimulation of GnRH cells. We addressed this question by evaluating the effect of a BNST lesion upon the hamster reproductive axis under varying photoperiodic conditions, i.e., we sought to determine whether the BNST lesion not only blocks gonadal regression in a reproductively competent hamster newly exposed to SD but also stimulates gonadotropins in a hamster rendered reproductively quiescent by previous exposure to SD. Secondly, we attempted to determine whether specific subregions of the BNST might play a role in photoperiodism by placing far smaller lesions than we had achieved in the previous study [7] . We focused in particular on the possible involvement of the anterior division of the BNST in the photoperiodic response to SD. This region not only receives a dense afferent input from the ventromedial nucleus of the hypothalamus [13, 14] , a nucleus that plays a key role in readout of the SD melatonin signal [5] , but also contains cell bodies projecting directly to brainstem noradrenergic systems [15] that undergo significant seasonal change in activity preceding and probably driving seasonal changes in gonadotropin levels [2, 16, 17] . We therefore viewed the anterior division of the BNST as an attractive candidate for the locus of a comparator [8] , interposed between the readout of the SD melatonin signal and the reproductive axis. We reasoned that ablation of such a locus might block the hamster's perception of the SD signal and its subsequent gonadal response without stimulating or disinhibiting its reproductive axis under other photoperiodic conditions.
MATERIALS AND METHODS

Animals
Male Syrian hamsters (Mesocricetus auratus) of the Lak: LVG (SYR) stock (Charles River Laboratories Inc., Wilmington, MA) were housed under LD photoperiods, comprising 14 h of light and 10 h of darkness, until 10 wk of age and were then used in the study. Room temperature was maintained at 21-22°C at all times, and pelleted rodent chow and water were available ad libitum. All experiments were performed in accordance with NIH guidelines and with the approval of the Institutional Animal Care and Utilization Committee.
BNST Terminology
Several detailed descriptions of the rat BNST, each with varying nomenclature, subdivide the region on the basis of cytoarchitectural, chemoarchitectural, and connectional data [18] [19] [20] . While the hamster BNST has not been studied in equivalent detail, recent studies in the hamster [21] suggest a close resemblance to the rat BNST. For the purposes of this study, we have focused on the most salient subnuclei of the BNST and have named them according to Moga et al. [19] , but we have segregated these subnuclei into anterior vs. posterior groups as outlined by Ju and Swanson [20] . Accordingly, the anterior division includes the antromedial BNST (am), dorsolateral BNST (dl), ventrolateral BNST (vl), ventromedial BNST (vm), and parastrial (ps) subnuclei; and the posterior division includes the posteromedial BNST (pm), posterointermediate BNST (pi), and posterolateral BNST (pl) subnuclei (see Fig. 1 for depiction of these subnuclei). We have also identified the rostral-most extent of the BNST, i.e., rostral to the point at which the anterior commissure crosses the midline, as the "far anterior (FAnt)" BNST, thus permitting identification of three distinct rostral-to-caudal levels (far anterior, anterior, posterior; see description of groups below). We have included the ps subnucleus as part of the BNST in view of its similarities to the BNST in cytoarchitecture and peptide content [19] .
Experiment 1: Effect of BNST Lesions on Testicular Regression in SD
A Grass LM4 radiofrequency-current lesion maker (Grass Medical Instruments, Quincy, MA) was used to produce fine bilateral lesions in the brains of sexually mature male hamsters. The animals were anesthetized using tribromoethanol, and their heads were positioned in a stereotaxic frame (David Kopf Instruments, Tujunga, CA), with bregma and lambda in a horizontal plane. A small hole (diameter = 1 mm) was drilled in the cranium, and a stainlesssteel electrode (diameter = 0.38 mm), insulated with silicone coating except for 0.38 mm at the tip, was used to deliver 2 mA of current (at 95 volts) for 20 sec to one of three anterior-posterior regions: FAnt BNST, anterior (Ant) BNST, and posterior (Post) BNST (2.0, 1.1, and 0.7 mm anterior to bregma, respectively); all of the lesions were placed bilaterally 1.1-1.2 mm from the mid-sagittal suture and 5.2-5.7 mm below the dura. Sham-lesioned controls underwent surgical procedures identical to those for the lesioned animals except that the electrode was not lowered into the brain. Stainless-steel wound clips (MikRon Precision Inc., Gardens, CA) were used to close the skin incision on the head, and the animals recovered from anesthesia on a heated pad. One to 5 days after surgery, 25 lesioned animals and 7 sham-lesioned controls were exposed to SD photoperiods (6L:18D); 7 sham-lesioned animals also remained under LD, serving as additional controls. Calipers were used to measure testicular width in each of the animals at Week 0 (i.e., day of transfer to SD) and again 4, 8, and 12 wk later. All of the animals received a lethal overdose of ether at Week 12, and determinations were made of body and paired testes weights; the testes were fixed in Bouin's fluid and subsequently processed for histological examination using Lee's and hematoxylin stains. A blood sample (1 ml) was collected by cardiac puncture for subsequent RIA of plasma FSH, LH, and testosterone [22] , and the animals' brains were then perfusion-fixed using a 4% paraformaldehyde, 50 mM Tris solution (pH 7.6) [23] .
Experiment 2: Effect of BNST Lesions on Testicular Recrudescence in LD
Twenty-three adult male hamsters were exposed to SD photoperiods in order to induce testicular regression. By 12 wk all of the animals had shown a decrease in testicular size, from an initial width measurement of 11-12 mm to < 5 mm, and were randomly assigned to one of four treatment groups. One group received bilateral radiofrequencycurrent lesions in the Ant BNST, using stereotaxic coordinates described in experiment 1; 2 mA of current (at 95 volts) was administered for 10 sec. One to 5 days after lesioning, these animals were exposed to LD photoperiods, while a second anterior BNST-lesioned group remained exposed to SD. Two additional groups of animals served as LD and SD sham-lesioned controls. After 4 wk, all of the animals received a lethal dose of ether, and body and paired testes weights were determined; the testes were fixed in Bouin's fluid and subsequently processed for histological examination using Lee's and hematoxylin stains. A blood sample (1 ml) was collected by cardiac puncture for subsequent RIA of plasma FSH, LH, and testosterone [22] , and the animals' brains were then perfusion-fixed using a 4% paraformaldehyde, 50 mM Tris solution (pH 7.6) [23] .
Brain Histology
To verify placement of the lesions, the brains were sectioned coronally (25 m) using a freezing-stage microtome and were stained using thionin. The information contained in these sections provided the primary basis for the lesion maps depicted in Figures 6 and 11 . However, to aid with the localization of the lesion sites and to determine the extent of associated glial proliferation, some of the sections were also processed for immunocytochemistry using an antibody to glial fibrillary acidic protein (GFAP; 20 pLg/ml dilution; Boehringer-Mannheim Biochemicals, Indianapolis, IN) and the standard avidin-biotin-peroxidase system (Vector Laboratories, Burlingame, CA) with 3,3'-diaminobenzidine tetrahydrochloride (DAB) as the chromogen [23] .
FIG. 1. Schematic diagram of coronal hamster brain sections, from rostral to caudal, depicting the subnuclei of the BNST (upper panels, left to right). Photomicrographs showing the location of representative lesions from animals in experiment 1 are depicted in the corresponding lower panels, using Nissl staining. ac, anterior commissure; cp, caudate putamen; f, fornix; ic, internal capsule; oc = optic chiasma; sm, stria medullaris (other abbreviations given in Materials and Methods). x 5.4.
In addition, some of the sections from the sham-lesioned animals were processed for DAB immunocytochemistry using antibodies to either vasoactive intestinal peptide (VIP; 1:4,000 dilution; ICN Biomedicals Inc., Costa Mesa, CA) or tyrosine hydroxylase (TH; 1:500 dilution; BoeringerMannheim), the rate-limiting enzyme in the catecholaminergic synthesis pathway.
Statistical Analysis
In experiment 1, the between-group differences in body weight, testicular weight, testicular width, and plasma hormone concentrations were analyzed using ANOVA; the Dunnett two-tailed test was subsequently used to assess the degree of statistical difference relative to the SD control group. In experiment 2, the between-group differences in body weight, testicular weight, and plasma hormone concentrations were analyzed by ANOVA followed by the Newman-Keuls test.
RESULTS
Experiment 1: Effect of BNST Lesions on Testicular Regression in SD
On the basis of post-hoc histology, lesioned animals were separated initially into three groups as a function of lesion location along the anterior-to-posterior axis ( Fig. 1 ): those with bilateral lesions involving only the far anterior BNST (SD FAnt); those with bilateral lesions including, at a minimum, the anterior BNST (SD Ant); those with bilateral lesions involving only the posterior BNST (SD Post).
As shown in Figures 2-5, SD-induced testicular regression developed as expected in the SD controls: these shamlesioned animals previously maintained in LD and then transferred to SD displayed a pronounced involution of the reproductive neuroendocrine axis at 12 wk, with markedly decreased testicular width (Fig. 2 ), testicular weight ( Fig.  3) , and plasma FSH, LH, and testosterone concentrations (Fig. 4) ; testicular failure was also evident histologically by an overall decrease in the diameter of the seminiferous tubules and absence of spermatozoa (Fig. 5 ). No such changes occurred in age-matched LD control animals, all of which maintained full reproductive competence as expected.
In the animals bearing bilateral BNST lesions located either at the far anterior level (SD FAnt) or at the posterior level (SD Post), reproductive-axis regression proceeded as expected; i.e., these lesions had no effect whatsoever on the expected gonadal response to SD (Figs. [2] [3] [4] [5] .
Since the 14 animals bearing bilateral BNST lesions centered in the anterior BNST (SD Ant) displayed one of two markedly different responses, they were subdivided into two groups. In one group consisting of 8 animals (SD Ant(l)), the lesion was associated with virtually complete abolition of the expected regressive response to SD. Thus at 12 wk, these animals displayed testicular width (Fig. 2) , testicular weight (Fig. 3) , plasma gonadotropin and testosterone concentrations (Fig. 4) , and testicular histology (Fig.  5 ) that were indistinguishable from those of the animals kept in LD (LD Cont). In the second group, comprising the remaining 6 animals (SD Ant(2)), the testosterone concentrations at Week 12 were comparable to those of the SD controls (SD Cont). However, in 2 of these animals, the testes were only partially regressed and contained spermatozoa.
Although the location of the anterior BNST lesions in the animals with an abolished SD regressive response (SD Ant(l)) appeared superficially similar to that in the animals with a largely intact SD response (SD Ant(2)), certain subtle differences between the two lesion groups were noted (cf. Fig. 6 ). In the 8 lesioned animals with complete blockade of regression (SD Ant(l)), the lesion tended to involve the more lateral (the VL or DL or both) rather than the more medial (the AM and PS) subnuclei. In the 3 nonregressed animals with the smallest effective lesions (animals 1, 4, and 5), cellular damage was centered on the VM and VL subnuclei, spared the DL subnuclei, did not enter the far anterior BNST, and partly invaded the lateral aspect of the posterior division; although some damage occurred in the PL, all of the PM and most of the PI subnuclei appeared to be spared. In contrast, in the 4 fully regressed SD Ant(2) animals, i.e., those in which the anterior BNST lesion had no effect on the course of regression (animals [11] [12] [13] [14] , cellular damage tended to be more medial, often involving the AM but sparing either the DL or the VL subnuclei. The only animal bearing an anterior BNST lesion that fully spared both the VL and the DL subnuclei bilaterally (animal 13) showed full testicular regression. The 2 animals with partial regression and evidence of spermatozoa in testicular sections showed unilateral sparing either of the DL and VL subnuclei on the same side (animal 9) or of the DL subnucleus alone (animal 10). Some subnuclei clearly had no differential value in the comparison between regressors 04 'r a) B.,
Effect of radiofrequency-current lesions on SD-induced testicular regression in adult Syrian hamsters. The bilateral lesions were centered within the SD Ant or were placed either in an SD Post or SD FAnt region. Additional animals served either as SD or LD sham-lesioned controls (Cont). The sizes of the testes were determined every 4 wk by measuring their width through the scrotal wall, 4 mm representing the minimum palpable size. Each bar represents the mean; the SEMs are depicted by vertical lines, and the number of animals per group is indicated by the adjacent numbers. ** = p < 0.01 (Dunnett two-tailed test, relative to SD Cont).
and nonregressors: the PS subnuclei were fully spared in 5 of 8 nonregressors and in 5 of 6 regressors, and the PM subnuclei were spared in 6 of 8 nonregressors and significantly damaged in 4 of the 5 regressors in the SD Post group, suggesting that the PS and PM subnuclei do not comprise part of the circuitry mediating regression. In summary, while ablation of no single subnucleus could be identified as a sine qua non for blockade of the SD regressive response, the lesions most effective in abolishing this response tended to be centered in the anterior BNST, to involve the DL or VL subnucleus or both, and on occasion to extend somewhat into the lateral aspect of the posterior division. Lesions involving only the rostral-most BNST, the medial aspects of the anterior division, or the medial aspects of the posterior division had no effect on the SD regressive response.
Comparison of some sections from sham-lesioned animals processed for antibodies to VIP and TH with sections from lesioned animals in the SD Ant(l) group aided in the characterization of the sites effective in blocking the SD response. The effective lesions involved a dense plexus of TH-positive and VIP-positive fibers most evident in the lateral aspects of the anterior BNST (Fig. 7) . The location of the TH-positive fibers corresponds to that of known noradrenergic and dopaminergic projections that terminate most densely in the VL subnucleus and the DL subnucleus, respectively [24] [25] [26] [27] , and the location of the VIP-positive fibers corresponds to that of known VIP projections that terminate in the lateral subnuclei at this level of the BNST [28, 29] ; thus the approximate superimposition of the effective lesion on these two fiber plexuses corroborated the view that the lesion centered on the lateral and particularly the VL and DL subnuclei.
Nonquantitative inspection of sections processed for GFAP, useful in precise delineation of lesion borders (Fig.  7) , did not reveal any visible differences in glial proliferation at these borders in sections from nonregressed vs. fully regressed animals lesioned in the anterior BNST (groups SD Ant(l) and SD Ant(2), respectively).
Experiment 2: Effect of BNST Lesions on Testicular Recrudescence in LD
As expected, pretreatment of male hamsters with 12 wk of SD resulted in complete testicular regression. Subsequent exposure of these animals to LD resulted in progressive testicular recrudescence during the ensuing 4 wk whereas animals remaining in SD for an additional 4 wk continued to display complete gonadal involution. Lesions of the anterior BNST in two groups of animals undergoing the same photoperiodic protocol had no effect on the expected response: those switched to LD recrudesced to the same extent as the matched controls while those remaining in SD displayed no evidence of recrudescence (Figs. 8-10 ). Post-hoc analysis of lesion placement revealed that 4 of 6 animals in the LD-exposed group (LD BNST) sustained bilateral destruction of the DL subnucleus, as did 4 of 7 animals in the SD-exposed group (SD BNST). The anterior BNST lesions in experiment 2 ( Fig. 11) did not exactly replicate those in experiment 1 (in particular, the lesions in experiment 2 tended to destroy the supracommissural region including the DL subnucleus but to spare the subcommissural region including the VL subnucleus). Nonetheless, the lesions in experiment 2 regularly involved at least one of the subnuclei (i.e., DL), ablation of which in experiment 1 was associated with blockade of the SD response. Indeed, in certain cases there was hardly any discrepancy between lesions in experiment 1 and those in experiment 2. Thus lesions that abolished the regressive response in animals 6 and 8 of experiment 1 (see Fig. 6 ) were nearly identical to lesions that failed to stimulate regression in animals 1, 2, and 3 of the SD group in experiment 2 and to lesions that failed to interrupt photostimulation in animals 3, 4, and 5 of the LD group in experiment 2 (see Fig. 11 ). 
DISCUSSION
Ablation of a relatively small region centered in the anterior division of the BNST was associated with a pronounced impairment in the Syrian hamster's ability to develop the expected gonadal response to SD. Syrian hamsters of the Lak:LVG(SYR) stock ordinarily achieve complete testicular regression within 10-12 wk of transfer from LD to SD [30] , a response exemplified in our control SD group. On the other hand, 8 of the 14 hamsters that received lesions in the anterior BNST, those proving to have lesions encompassing the lateral aspects of this division, displayed no regression even after 12 wk of SD. Interestingly, ablation of other BNST regions had no effect on the normal course of regression. It therefore appears that cell groups within lateral subnuclei of the anterior BNST may play an important role in photoperiodism.
While the current results support our previous findings on the role of the BNST in photoperiodism, they suggest that we were mistaken in assuming that the key BNST locale for perception of the SD signal resides in the posterior division [7] . The earlier study's utilization of relatively large lesions obscured any reliable conclusions as to selective involvement of BNST subregions, a deficit that we attempted to correct in the current study by making far smaller lesions, checking their boundaries with GFAP staining, and confirming lesion placement by examining TH and VIP immunohistochemistry in the region of interest.
The results of this study raise two important questions. First, are the effects of the anterior BNST lesions on SD-induced gonadal regression apparent rather than real; i.e., could they be explained on some basis other than interference with photoperiodism proper such as nonspecific stimulation of the reproductive axis? Second, if the photoperiodic response to SD as such was indeed abolished by the anterior BNST lesion, at what point in the generation and processing of the SD signal does this region exert an influence?
First, it may be argued that the BNST lesion did not truly impair the response to SD but rather nonspecifically stimulated the neuroendocrine reproductive axis. The effects of this lesion would thus be analogous to those of olfactory bulbectomy in the hamster: while bulbectomy impairs SD-induced gonadal regression [9, 10] , the same lesion also disinhibits gonadotropins to some extent in hamsters under both LD and SD [11] , and it has therefore been argued that this disinhibitory effect masks a partially or entirely preserved SD response [10] [11] [12] . In the case of the BNST, one mechanism for such nonspecific disinhibition might involve the trauma-driven release of growth factors known to possess a direct stimulatory effect on GnRH cell bodies [31] [32] [33] . The proximity of the BNST to several populations of GnRH neurons, particularly those in the adjoining MPOA [34] , lends credence to this possibility. However, the results of the current study argue strongly against the hypothesis of nonspecific disinhibition, whether through release of progonadotropic growth factors or through some other mechanism. First, an anterior BNST lesion closely resembling one that blocked regression in the hamster transferred from LD to SD (experiment 1) had virtually no effect on the reproductive status of the fully involuted hamster remaining in SD (experiment 2). Had the anterior BNST lesion been directly stimulatory to GnRH cell bodies, one would have expected a rapid increase in gonadotropins and testicular size over the 4-wk post-lesion interval, but no increase was noted during that period. Second, we found no evidence that the size of the lesions played a role in determining their effect on the reproductive axis. If trauma-generated progonadotropic growth factors were stimulating GnRH production and release, one would expect that a large lesion would have stimulated gonadotropin levels to a greater extent than a small one. The opposite was found: large lesions rostral or caudal to the anterior BNST and (in the case of the posterior BNST) equally close to GnRH neurons were associated with less, not more, impairment of the regressive response than lesions of the same magnitude or smaller centered in the anterior BNST Third, no difference was noted in the quantity of GFAP expression at lesion borders in fully regressed vs. nonregressing hamsters, again suggesting that trauma-driven changes (insofar as these are reflected in GFAP expression) bore little relationship to reproductive status. Fourth, it has recently been shown that electrolytic lesions directly within the MPOA itself, one of the primary GnRH cellcontaining loci, do not interfere significantly with the Syrian hamster's reproductive response to SD [5] , essentially ruling out the hypothesis that generation of progonadotropic growth factors by small lesions in immediate proximity to GnRH cells can overcome the hamster's SD photoperiodic response, and also highlighting the markedly site-specific effect of the lesion in the adjoining anterior BNST which abolishes that response. It should be emphasized that lack of any obvious nonspecific stimulatory effect resulting from the anterior BNST lesion does not necessarily rule out the possibility that this lesion may have a subtle stimulatory influence in addition to its primary effect of blocking the inhibitory SD response. Overall, we conclude that an anterior BNST lesion in the present study truly interfered with the transmission of the SD photoperiodic signal to the re-
Effect of radiofrequency-current lesions on the histological appearance of testes from hamsters that had been previously maintained in a sexually quiescent condition under SD photoperiods (experiment 2).The testes were examined after 4 subsequent weeks of exposure to either SD or LD photoperiods. Note the enlarged diameter of seminiferous tubules in the testes of the control and BNST-lesioned hamsters that were exposed to LD photoperiods for 4 wk, as well as the presence of spermatozoa inside a well-defined lumen (C and D, respectively). In contrast, the seminiferous tubules of the SD control and SD BNST-lesioned hamsters are approximately half the diameter of those in the corresponding LD animals. The testes of the two SD groups also show very little or no spermatogenic activity, spermatozoa being completely absent from the seminiferous tubules and spermatogonia representing the predominant germinal cell type (A and B, respectively). Scale bar = 0.2 mm.
productive axis while having little direct stimulatory effect on GnRH neurons in this or other photoperiodic contexts.
If the expected photoinhibitory response of the Syrian hamster to SD was therefore blocked by a small, site-specific lesion in the anterior BNST, at what point in the sequence of events linking the perception of the SD signal to the reproductive axis might this region exert its influence? A lesion abolishing the hamster's response to SD may conceivably affect either the generation of the melatonin signal or its readout within the medial hypothalamus and further processing. Although we did not test the former hypothesis directly by examining nocturnal melatonin profiles in lesioned vs. control SD hamsters, it is unlikely that the BNST lesion has a significant effect on secretion of melatonin. The BNST is extrinsic to the primary pathway driving melatonin secretion, i.e., that leading from retina to pineal gland via the retinohypothalamic tract, suprachiasmatic nucleus, hypothalamic paraventricular nucleus, and sympathetic fibers arising in the thoracic spinal cord. The BNST does provide an input to the hypothalamic paraventricular nucleus [35] , ablation of which blocks SD regression by impairing melatonin synthesis [36] [37] [38] [39] [40] . However, the traditional view that the paraventricular nucleus is a necessary way-station in the pathway controlling melatonin secretion has been questioned [41] . Further, if the anterior BNST lesion were functionally equivalent to pinealectomy, one would have expected rapid gonadal recrudescence in the group of fully regressed hamsters lesioned and left in SD (cf. experiment 2), since pinealectomy of fully regressed hamsters left in SD induces premature recrudescence [42] . The observed absence of any post-lesion recrudescence under SD (see Figs. 8-10 ) therefore suggests that the anterior BNST lesion is not functionally equivalent to pinealectomy and consequently that this lesion's blockade of the SD response cannot be ascribed to an impairment in the generation of the SD melatonin signal. It seems more likely that the anterior BNST plays a role not in the generation of melatonin but in the transfer of information distal to the readout of the melatonin signal in the medial hypothalamus. The BNST is well placed to mediate between this readout and the GnRH-secreting cell system. First, several subnuclei of the BNST including the VL, VM, and AM receive a dense efferentation from the ventromedial hypothalamus [13, 14] , the nucleus that probably bears major responsibility for initial readout of the melatonin signal destined for the reproductive axis in this species [5] . Second, the BNST encloses neurons that modulate GnRH secretion [43] . The substrate for such modulation may involve either short projections from the BNST to the adjoining MPOA [44] or longer projections from the BNST to the brainstem. The lateral BNST, comprising part of the "central extended amygdala," has been distinguished from the medial BNST, a component of the "medial extended amygdala," on the ground that the lateral system subserves central autonomic regulation through extensive projections to brainstem loci including the dorsal vagal complex [45, 46] and midbrain central gray [47] , whereas the medial system subserves neuroendocrine regulation through interconnections with the medial hypothalamus [48] . This distinction, however, breaks down somewhat in the region implicated in photoperiodism by experiment 1: the VL subnucleus in particular is strongly associated not only with the medial hypothalamus [13, 14, 19] but also with brainstem centers involved in both neuroendocrine and autonomic regulation. Most relevant to photoperiodism may be projections from the VL and nearby subnuclei that establish direct synaptic contact with noradrenergic cell bodies in the brainstem including the Al, A2, and A6 cell groups [15, 45, 49] . The Al noradrenergic cell group comprises the primary source of noradrenergic fibers to GnRH cell bodies in the MPOA and other basal forebrain regions [50] [51] [52] , and Al noradrenergic outflow represents a well-known positive influence on GnRH secretion [53, 54] . Since seasonal changes in noradrenergic activity precede and are believed to drive seasonal changes in gonadotropin levels [2, 16, 17] , since the key BNST cell bodies projecting to and modulating the noradrenergic system seem to be most densely concentrated in the anterior division [15, 45, 49] , and since the influence exerted by cells in this BNST region on noradrenergic function seems to be generally inhibitory [55] [56] [57] [58] , we propose that the DL, VL, and related anterior BNST subnuclei may contain cell groups that respond to the SD melatonin signal by inhibiting Al noradrenergic outflow, an inhibition that subsequently results in decreased GnRH secretion and gonadal regression.
However, the results of experiments 1 and 2 taken together suggest that BNST neurons, while responsible for the initial inhibition of GnRH release in SD, are apparently not required for maintenance of the regressed state once it is fully achieved, since lesion of these neurons in experiment 2 failed to stimulate fully regressed animals remaining in SD. Since the anterior BNST lesions in experiment 2 did not exactly replicate those in experiment 1, it may be argued that the slight discrepancy in lesion location accounts for the nonstimulatory effect of the lesions in experiment 2. However, the discrepancy seems minimal, for in some cases lesions that abolished the regressive response in experiment 1 are nearly identical to those that failed to stimulate fully regressed animals remaining in SD (see Results). It seems, therefore, that the differential response between hamsters lesioned before SD exposure and those lesioned after full regression suggests that the role of the BNST is limited to induction rather than to maintenance of the regressive state. Indeed, other aspects of hamster photoperiodism support the view that the orientation of the reproductive axis with respect to the SD signal is a dynamic property that changes once regression has been achieved. Just as a distinction can be drawn between the induction and the maintenance of the refractory state [59] , one can be drawn between the induction and the maintenance of regression. In a sense, the Syrian hamster's eventual refractoriness to melatonin [59] may be equivalent to refractoriness to the anterior BNST signal (if so, the fully regressed hamster may be viewed as having initiated its own BNST "lesion" before introduction of the experimental lesion). Conceivably, gonadal regression itself, apparently a prerequisite for induction of the refractory period ( [60] , further discussion in [59] ) may lead to structural changes both in the BNST and in brainstem noradrenergic nuclei that would correlate with refractoriness to the initiating SD signal, as both the BNST [61] [62] [63] and the Al and A2 noradrenergic cell bodies [64] strongly express sex steroid receptors. Further experiments would be required to determine whether the hamsters' changing responsiveness to melatonin may correlate with progressive structural change in the anterior BNST-noradrenergic circuitry.
Finally, the results of experiment 2 suggest that ablation of the anterior BNST cell groups involved in mediating the initial response to SD has no effect on the regressed hamster's ability to respond appropriately to an LD photostimulatory signal; indeed, that the lesion neither blocked nor accelerated the photostimulatory response suggests that this response must involve stimulation by a neural circuit entirely extrinsic to the lateral cell groups of the anterior BNST rather than a disabling of the inhibitory circuit. In this respect, the two parts of experiment 2, i.e., the nonresponse of the regressed animal to the lesion and the appropriately stimulatory response of the lesioned regressed animal to LD, are compatible with each other in that they indicate that the BNST inhibitory circuit plays no role after the achievement of regression.
In summary, the results of the present study demonstrate that ablation of a relatively restricted region centering on the anterior BNST and including in particular the VL and DL subnuclei profoundly disturbs the ability of reproductively competent hamsters to initiate an inhibitory gonadal response to a nonstimulatory photoperiod. However, such a lesion does not activate the neuroendocrine reproductive axis of hamsters previously rendered reproductively quiescent by 12 wk of SD. Thus, rather than exerting a tonic negative influence on GnRH cell bodies regardless of photoperiod, the anterior BNST subnuclei targeted by this lesion seem to respond only to the contingency of the SD melatonin signal by transmitting an inhibitory message to the GnRH cell system. This inhibitory message may be mediated in part by an SD-triggered damping of noradrenergic outflow. However, it remains to be determined whether the anterior BNST cells implicated in the formulation and transmission of the photoinhibitory message are related to those anterior BNST cells known to communicate reciprocally with the Al, A2, and A6 noradrenergic brainstem cell groups.
